Epitaxially grown Cr(N,O) thin films were prepared on MgO substrates, with a misfit of ¹1.7% with respect to CrN, using pulsed laser deposition. X-ray diffraction patterns showed the peak for the (200) reflection of Cr(N,O) around the peak for the (200) reflection of MgO. The X-ray diffraction pattern of the ¤ scan for the (111) reflection of Cr(N,O) showed a narrow peak appearing every 90 degrees. From microstructural observations, grain boundaries in the thin films could not be confirmed. In order to evaluate the oxidation behavior of Cr(N,O) thin films, oxidation tests in air were carried out. After the oxidation tests, a Cr 2 O 3 phase was formed at 873 K and the B1 (NaCl-type) phase disappeared at 1173 K. In the thin film oxidized at 1073 K, a Cr 2 O 3 layer on the surface of the thin film as well as a compositional gradient of oxygen were observed. This indicates that Cr(N,O) hard coatings can form oxidation barrier layers to extend the lifetime of cutting tools.
Introduction
Hard coatings are applied to cutting tools, auto parts and mold tools to improve various characteristics including hardness, wear resistance, chemical stability, and oxidation resistance. Recently, cutting industries have been switched over from lubricated processes to dry processes in order to reduce pollutants and cutting temperatures have been increased with increasing cutting speeds. Hence, hard coatings for cutting tools require further hardening and superior oxidation resistance.
Many hard coatings that can be used at high temperatures have been studied. In particular, chromium nitride (CrN) has excellent properties, such as good oxidation resistance and chemical stability. 1, 2) CrN-based coatings doped with various metallic elements (e.g. (Cr,Al)N 3, 4) and CrSiN 5, 6) ) are now being used to improve the properties of the cutting tools. Not only metals but also nonmetal elements were also added in the thin films. Among these attempts, chromium oxynitride (Cr(N,O)) thin films were prepared by pulsed laser deposition (PLD). 710) Cr(N,O) had a NaCl-type (B1) structure similar to that of CrN. Cr(N,O) was synthesized by partial replacement of N in CrN by O. The hardness of Cr(N,O) thin films increased with increasing oxygen content and the maximum hardness value achievable exceeded 30 GPa. In addition, Cr(N,O) thin films had good oxidation resistance to maintain the B1 structure up to 1073 K. 9) Materials with added a fourth element (Me) to Cr(N,O) for improving hardness (Cr,Me)(N,O) have also been studied (e.g. Me: Mg, 11) Cu 12) ). Although several research groups investigated various properties of Cr(N,O), 1316) the cause for the superior oxidation resistance was not clarified. This was because the crystallite size of Cr(N,O) prepared by PLD and other physical vapor deposition methods was small (below 100 nm), and evaluation of the mechanism of oxidation behavior was difficult. If the cause of the superior oxidation resistivity can be elucidated, it is expected that this cause can be applied for material design of hard coatings.
Large crystallites were required for evaluation of oxidation behavior of Cr(N,O) thin films in order to elucidate the underlying cause of the superior oxidation resistance. In this work, we attempted to prepare epitaxially grown Cr(N,O) thin films. Typically, in evaluation of physical properties, epitaxial thin films are used in order to eliminate the contribution of the grain boundaries and the secondary phase. We used epitaxial growth to obtain a large crystallite of Cr(N,O).
In order to prepare epitaxial Cr(N,O) thin films, singlecrystal (100)-oriented MgO substrates were selected. MgO has a lattice mismatch of ¹1.7% with respect to CrN. Preparation of epitaxial CrN thin films on MgO(100) substrates to evaluate electronic and magnetic properties has been reported by Ney et al., 17) Gall et al., 18, 19) Constantin et al. 20) and Inumaru et al. 21) However, preparation of epitaxial Cr(N,O) thin films and their evaluation for oxidation behavior have not been previously reported. We attempted preparation of epitaxial Cr(N,O) thin films on MgO substrates and carried out oxidation tests in air using these thin films. Our goal in this study was to obtain epitaxial Cr(N,O) thin films and to clarify their oxidation behavior.
Experimental
Thin films were prepared by PLD, which is a deposition method superior to sputtering and arc ion plating for compositional control of thin films. For controlling the oxygen content, we adopted a method of varying the oxygen partial pressure in the deposition atmosphere, as reported in a previous paper. 10) Figure 1 shows a schematic image of PLD apparatus used for preparing the thin films. An ablation plasma was produced by irradiating a Nd: yttrium aluminum garnet laser (355 nm) onto a Cr target (99.9% purity). The laser was electro-optically Q-switched by a Pockels cell to produce short duration intense pulses (7 ns). The laser energy density was 1.3 J cm ¹2 and the deposition time was 24 h at a laser-pulse repetition rate of 10 Hz. The deposition surface area was 1 cm 2 on a (100)-oriented single-crystal MgO substrate placed at a distance of 45 mm from the target. At the same time, a (100)-oriented single-crystal Si substrate was placed aside of the MgO substrate for simultaneous deposition on to the two different substrates in the same conditions. The substrate temperature was controlled at 973 K using an infrared lamp heater. The deposited film thickness was approximately 200 nm in this condition. The chamber was first evacuated to a pressure of 1.0 © 10 ¹6 Pa using a rotary pump and a turbo molecular pump; the chamber was then filled with oxygen gas (>99.99995 vol% purity) through a variable leak valve up to a pressure of 2.0 © 10 ¹5 Pa. The vacuum gauge value at this time was defined as P O 2 . After the O 2 gas introduction, nitrogen plasma (>99.99995 vol% purity) from an RF radical source was supplied. Both continuous pumping and introduction of O 2 gas and N plasma were carried out during the deposition under a total pressure of 1.5 © 10 ¹2 Pa. For oxidation tests, the thin films were heat treated in an electrical tube furnace. The thin films for the oxidation tests were deposited with a laser energy density of 1.7 J cm ¹2 in order to obtain a large film thickness. Other deposition conditions were the same as above. In this condition, the deposited thin film thickness was approximately 500 nm. The holding temperature (T a ) was varied between 6731173 K. The oxidation atmosphere was air, the heating speed was 10 K min ¹1 and the holding time was 1 h. After oxidaiton, the thin films were air-cooled in a tube furnace.
The crystal structures of the thin films were studied by X-ray diffraction (XRD) using the Bragg-Brentano configuration (BB), the glancing incidence configuration (GI) with a incidence angle of ¡ = 0.5 deg. and in plane ¤ scan using Cu K¡ radiation (0.154 nm). The microstructures of the thin films were observed using a field emission transmission electron microscope (FE-TEM) with a 200 kV acceleration voltage. TEM samples were formed by a focused ion beam (FIB) apparatus. For compositional analysis of the thin films, an electron energy loss spectroscope (EELS) attached to the FE-TEM was utilized.
Results and Discussion

Phase identification and microstructure observation
In this paper, thin films on the MgO substrate and Si substrate are referred to as "sample M" and "sample S", respectively. Figure 2 shows XRD patterns of the thin films for BB and GI. Peak positions and relative intensities for CrN and Cr 2 O 3 in the International Centre for Diffraction Data (ICDD) are also included for comparison. Figure 3 shows the XRD patterns for sample M for BB and in plane ¤ scan for the (111) reflection of Cr(N,O) using a Cu absorber. The XRD patterns of sample M only show a peak for the (200) reflection of Cr(N,O). There were no peaks in the XRD pattern for GI (Fig. 2(b) ). These results indicate that the crystallites only have a lattice plane facing the thin film surface. In contrast, the XRD patterns of sample S (Figs. 2(c reflection of sample M (upper right of Fig. 3 ) showed a narrow peak appearing every 90 degrees. This means that the {111} planes of the crystal structure have tetrad rotational symmetry with respect to the [100] axis. Figure 4 shows bright field images (BFI), electron diffraction patterns (ED) and EELS spectra for the prepared thin films. From comparison of Figs. 4(a) and 4(b), the microstructures were clearly different. In the case of sample M, diffraction spots due to the fcc lattice were observed. In contrast, it was found that sample S showed a ring-shaped diffraction pattern due to the B1 structure. Furthermore, no grain boundaries were observed in sample M. The results of EELS measurements indicated that both thin films contained chromium, nitrogen and oxygen. Figure 5 shows a magnified view of the ED pattern for sample M. Diffraction spots due to the thin film and substrate were confirmed. It was found that the thin film was grown as its (200) Based on the above results, it was concluded that sample M and sample S were an epitaxial Cr(N,O) thin film and a polycrystalline Cr(N,O) thin film, respectively. Since the thin films were deposited at the completely same conditions, it was considered that the difference of morphology was due to the misfit between epitaxial thin films and substrates. In other words, Si lattice having a lattice mismatch of ¹31% with respect to CrN was too large for epitaxial growth of Cr(N,O). Figure 6 shows XRD patterns of sample M after the oxidation tests. A Cr 2 O 3 phase was formed above 873 K as seen in Fig. 6(a) . In addition, it was confirmed that the B1 peak slightly shifted toward the high angle side and disappeared at 1173 K as seen in Fig. 6(b) . Our previous result showed that the lattice constant of Cr(N,O) decreased with increasing oxygen content. 10) Hence, this shift indicates an increase in the oxygen content of the thin film or stress relaxation due to the heat treatment. Figure 7 shows the BFIs and ED patterns of sample M before the oxidation test (left) and after the oxidation test at 1073 K, which is the highest temperature maintaining the B1 structure (right). The numerals in the figures indicate the nitrogen/oxygen composition ratios at each point quantified by the EELS spectra. In both samples, the top layers were overcoats for protecting the samples from ion beam bombardments in the FIB process. After oxidation, a second layer on the surface of the thin film was observed. It was indicated that this layer consisted of a Cr 2 O 3 phase because of the inclusion of a large amount of oxygen, showing diffraction spots due to Cr 2 O 3 . In addition, a compositional gradient of oxygen was observed from the thin film surface to inside direction from the EELS measurements. This gradient could not be detected before the oxidation test. Hence, oxygen diffusion occurred from outside rather than from within the thin film.
Oxidation behavior
Oxidation model of Cr(N,O)
Based on the above results, the oxidation model of Cr(N,O) can be discussed. Inoue et al. 9) hypothesized that the superior oxidation resistivity of Cr(N,O) was a result of prevention of oxygen diffusion due to the oxide layer formed at the grain boundaries of Cr(N,O). They considered that oxygen atoms in the Cr(N,O) crystallites diffuse out bound and form Cr 2 O 3 layers surrounding the crystallites to slow down the oxidation speed. However, they could not observe the oxide layer. In this work, although the thin film microstructures after oxidation was observed, oxygen diffusion within the crystallite could not be confirmed. As an alternative, we propose an oxidation model for Cr(N,O) as follows:
(1) formation of the oxide layer on the thin film surface, and (2) prevention of oxygen diffusion due to the oxide layer. P O 2 in the deposition atmosphere was on the order of 10 ¹5 Pa. Hence, it is expected that the oxide layer is formed in the oxidation test in air. Tsai et al. reported that the oxygen diffusion coefficient in Cr 2 O 3 scales is 4.4 © 10 ¹17 cm 2 s ¹1 . 22) This low diffusion coefficient means that the oxide layer formed on the Cr(N,O) thin film surface performs as an oxygen diffusion barrier. This mechanism is well known as "pre-oxidation". 23) Interestingly, in addition, the thin film shows a compositional gradient of oxygen in this oxidation model. This indicates increasing hardness because the hardness of Cr(N,O) increases with increasing oxygen content. 9) This means that Cr(N,O) hard coatings can form oxidation barrier layers thereby increasing the hardness and extending the life times of cutting tools.
Conclusion
Epitaxial Cr(N,O) thin films were successfully deposited on single-crystal (100)-oriented MgO substrates using pulsed laser deposition. On the other hand, a thin film deposited on a single-crystal (100)-oriented Si substrate prepared with the same conditions was polycrystalline Cr(N,O). It was found that the crystal structure of the thin films on MgO has a B1 structure. The ¤ scan XRD pattern for the (111) reflection of Cr(N,O) showed a narrow peak with intervals of every 90 degrees. From TEM observations, it was found that the thin films on MgO grew along the MgO (200) planes. d 200¦ and d 200«« were 0.207 and 0.206 nm, respectively. It was found that d 200¦ was expanded due to the MgO substrate. As a result of the oxidation tests, a Cr 2 O 3 phase was formed at 873 K and the B1 (NaCl-type) phase disappeared at 1173 K. In the thin film oxidized at 1073 K, a Cr 2 O 3 layer on the surface of the thin film and compositional gradient of oxygen under the Cr 2 O 3 layer from the thin film surface to inside direction were observed. Based on the above results, an oxidation model for Cr(N,O) was proposed for formation of the oxide layer on the thin film surface and prevention of oxygen diffusion due to the oxide layer.
